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Inheritance and Subcellular Localization of TriosePhosphate Isomerase in Dwarf Mountain Pine (Pinus mugo)
I. J. Odrzykoski
Several trees with expected heterozygous phenotype for triose-phosphate isomerase (TPI) were discovered in a population of dwarf mountain pine (Pinus mugo Turra) from southern Poland. As the inheritance of this enzyme in pines has not been reported, segregation of allelic variants was tested in eight trees with putative heterozygous phenotypes for two loci, TpiA and TpiB. Linkage between these and some other isozyme loci were studied and evidence for linkage has been found between TpiA and PgdA (r ϭ 0.10) and between TpiB and DiaD (r ϭ 0.36), but in single trees only. The subcellular localization of TPI isozymes was determined by comparing isoenzymes from the total extract with those found in fraction enriched in plastids, prepared by differential gradient centrifugation of cellular organelles. The more slowly migrating TPI-B isozyme is located in plastids.
Inheritance of electrophoretic variants of many enzymes has been studied in pines and other gymnosperms since the beginning of the 1970s and especially during the 1980s ( El-Kassaby and White 1985; Paule 1990 for a bibliography). Allelic variants of different enzyme loci can be easily observed in these plants in a sample of haploid megagametophytes of heterozygous trees and they usually segregate in proportions expected in a test cross. Many reports have been published since the first studies of this kind (e.g., Bartels 1971; Rudin 1975) and some provided the first evidence for linkage groups and showed evidence for conservation of gene blocks between different conifer genera (Conkle 1981; Guries et al. 1978; Rudin and Ekberg 1978) . Polymorphic isozyme loci still provide a set of useful genetic markers in many population studies due to their technical simplicity of detection and the relatively low cost of data collection in comparison with DNA markers.
Inheritance data for about 40 enzymes have been published to date and as electrophoretic phenotype is usually made up of the products of one to five separate genes, inheritance of roughly 80 loci has been studied in the genus as a whole ( Ledig 1998) . Despite the large number of enzymatic systems available, not all enzymes frequently studied in other plant groups have a documented mode of inheritance in this genus. During the isozyme studies on populations of dwarf mountain pine (Pinus mugo Turra), I found several apparently heterozygous trees based on sporophytic phenotypes expected for the dimeric enzyme triose-phosphate isomerase ( TPI, EC 5.3.1.1). Because a formal inheritance study of this enzyme has never been published for pines, seeds from several heterozygous trees were collected and used to study allelic segregation and linkage relationships.
Triose-phosphate isomerase is a glycolytic enzyme usually present in diploid homozygous plants as two isozymes with different subcellular localization (Wendel and Weeden 1989) . The product of one nuclear gene is active in the cytosol and the other one, after translation, is actively transported into plastids (Pichersky and Gottlieb 1984) . These two isozymes can be distinguished by comparison of the total cellular extract and the extract from a purified plastid preparation.
The purpose of this study was to test the inheritance and linkage relationships of the two TPI isozymes found in buds and megagametophytes of P. mugo. Also, the subcellular localization of the two isozymes was inferred by comparing the phenotype from crude extracts with those enriched for plastids.
Materials and Methods

Plant Material
Winter buds and seeds from eight trees were taken from the ''Bó r na Czerwonem'' peat bog population ( located near Nowy Targ, southern Poland) in late autumn. Small apical portions of the stem with winter buds and cones were collected from a single branch of each polycormic plant, and the buds were stored at Ϫ20ЊC prior to enzyme extraction. Seeds were extracted from cones at room temperature and after desiccation stored at Ϫ20ЊC.
Isozyme Analyses
Enzyme extraction. Three kinds of tissue were used for enzyme extraction: (1) a fragment of sporophytic tissue dissected from a winter bud, (2) seedlings, and (3) a sample of megagametophytes extracted from seeds germinated for about 10 days (to the moment when the radical of the seedling was 5 mm long). The tissue was homogenized in 0.1 M Tris-HCl buffer (pH 7.5), with the addition of 1 mM EDTA Na 2 , 10 mM KCl, 10 mM MgCl 2 and 0.1% Triton X-100. Just before the extraction, 10 l of 2-mercaptoethanol were added per 10 ml of extraction buffer. The extraction buffer for the bud tissue was modified by addition of 3% (w/v) PVP K-25. The homogenate was filtrated through a small piece of Miracloth tissue and absorbed into 2-2.5 mm wide Whatmann 3MM strips.
Electrophoretic separation and isozyme detection. Isozymes were separated using horizontal 10% starch-gel electrophoresis and a modification of the discontinuous buffer system A (Conkle et al. 1982 ) using 190 mM boric acid and 40 mM lithium hydroxide (pH 8.3) as the electrode buffer and 50 mM Tris, 6 mM citric acid with the addition of 10% of the electrode buffer (pH 8.2) as a gel buffer. Electrophoresis was performed in a refrigerated chamber under constant voltage (280 V) for about 4.5 h, to the moment when the ''borate front'' moved 8 cm from the origin. TPI isozymes were localized on top of the gel slices using the agar overlay technique (Manchenko 1994) . The staining mixture contained 7.5 ml 50 mM Tris-HCl buffer (pH 7.5) with 1 mg of lithium salt of dihydroxyacetone phosphate (Sigma D7137) or a substrate prepared by hydrolysis of dihydroxyacetone phosphate dimethyl ketal (Sigma D7878), according to the supplier's instructions, 2 mg NAD, 45 mg sodium arsenate, 2 mg MTT, 0.5 mg PMS, and 7.5 ml 1.8% of warm-water agar solution. The volume of staining assay was occasionally reduced to about 10 ml, when the location of the isozymes could be deduced from migration of pigment markers. For detection of the products of other enzyme loci (PGD, 6-phosphoglucose dehydrogenase; GOT, glutamic-oxaloacetic transaminase; GDH, NAD glutamate dehydrogenase; ADH, alcohol dehydrogenase; SDH, shikimate dehydrogenase; FLE, ''fluorescent'' esterase; ACO, aconitase; DIA, NADH-diaphorase; LAP, leucine aminopeptidase; MDH, NAD malate dehydrogenase; PGM, phosphoglucomutase; and ACP, acid phosphatase), the standard technique was used (Conkle et al. 1982 ) and designation of enzyme loci follows standards for Scots pine ( Niebling et al. 1987; Szmidt and Muona 1989) . Chloroplast preparation. A small amount of purified plastids were obtained from cotyledons of 2-week-old seedlings by a density gradient centrifugation in buffered Percoll (Pharmacia) using a modified method described by Odrzykoski and Gottlieb (1984) . The procedure involves a few simple steps. First, a pulp obtained by gentle maceration of cotyledons in the extraction buffer was centrifuged for 1 h in a Percoll gradient buffered with 25 mM HE-PES-KOH buffer (pH 7.5) with the addition of 1 mM EDTA, 330 mM sorbitol, 1% ficol, 0.2 % BSA, 10 mM KCl, and 48 mM 2-mercaptoethanol using SW41Ti rotor and a Beckman ultracentrifuge at 15,000 rpm (36,000g). After centrifugation the layer of intact chloroplasts was transferred into a 1.5 ml Eppendorf tube, washed twice in a washing buffer, and the resulting pellet was homogenized in the same extraction buffer as used for seedlings. Isozymes extracted from seedlings and those from the plastid-enriched fraction were compared side by side in the same gel.
Statistical Analysis
For a statistical evaluation of segregation data and linkage relationships, the chisquared goodness-of-fit test was used, as described by Mather (1951) . The data for the same locus pair from individual trees were pooled, if the tests results were homogeneous. Recombination values (r ϭ R/ n) and their standard error SE r ϭ (r(1 Ϫr)/ r) 1/2 were estimated for pairs of loci with significant linkage only (R ϭ the number of recombinant types observed in a sample of n megagametophytes).
Results
Enzyme Phenotype for Winter Buds
The most common phenotype of TPI is composed of two isozymes: TPI-A and TPI-B ( Figure 1A , line 1). In the studied population some other phenotypes were detected, one for TPI-A ( labeled TPI-A12; Figure 2A , line 1) and three for TPI-B ( labeled TPI-B22, TPI-B12, and TPI-B13 ( Figure 1A, lines 2, 7, and 9, respectively) .
Subcellular Localization of Isozymes
The seedlings of trees with the sporophytic phenotype TPI-A11/TPI-B11 had the same phenotype as the mother tree. In extracts from three independent preparations enriched in chloroplasts, only TPI-B isozyme was found ( Figure 1B , lines 3 and 4 marked with ''p'').
Segregation in Heterozygous Trees
Segregation was studied in three trees with the sporophytic phenotype TPI-A12 ( Figure 2A ) and the results were homogeneous, showing the 1:1 ratio in all trees (⌺n ϭ 166, 2 (1:1) ϭ 0.60, 2 ( het) ϭ 0.299, df ϭ 2). Similarly five trees with the phenotype TPI-B12 ( Figure 2B ) showed a segregation ratio expected from the allelic variants (⌺n ϭ 479, 2 (1:1) ϭ 0.012, 2 ( het) ϭ 3.829, df ϭ 4). These results suggest that the TPI phenotype in dwarf mountain pine is composed of the product of two genes: TpiA and TpiB.
Linkage Studies
Trees heterozygous for TpiA were also heterozygous for nine other enzyme loci, therefore studies of joint segregation were possible ( Table 1) . The evidence for linkage was detected between TpiA and PgdA [6-phosphoglucose dehydrogenase ( EC 1.1.1.44), locus A] in one tree tested for this combination (r ϭ 0.10, SE r ϭ 0.04). A weak linkage was also detected between TpiA and GotC [glutamate oxaloacetate transaminase ( EC 2.6.1.1), locus C] also in one tree (r ϭ 0.34, SE r ϭ 0.05), and between TpiA and Fle [''fluorescent'' esterase ( EC. 3.1.1)] in one of two trees tested for these combinations (r ϭ 0.33, SE r ϭ 0.07).
One or more trees were tested for a joint segregation of TpiB with 17 other markers, and the linkage was detected only for TpiB and DiaD [diaphorase ( EC 1.6.4.3), locus D] in one from two trees tested for this combination (r ϭ 0.36, SE r ϭ 0.04).
Discussion
Little is known about the genetic control and variation of the important glycolytic enzyme TPI in pines and other gymnosperms. Recently the enzyme was surveyed for variation in population genetics studies of Pinus echinata, P. virginiana, and P. palustris ( Edwards and Hamrick 1995; Parker et al. 1997; Schmidtling and Hipkins 1998) , however, no formal validation by segregation analysis was conducted. Nearly 550 plants from a peat bog population of P. mugo were tested for variability of this enzyme and some expressed an apparently heterozygous phenotype in the sporophytic tissue. The presumably heterozygous phenotype for fast-migrating TPI-A (a diffuse broad band of enzyme activity) was detected in 12 trees. Segregation studies showed that trees with this phenotype are indeed heterozygous, and in a sample of haploid megagametophytes the variants segregate in the 1:1 ratio. A three-banded phenotype was found in 85 trees for the more slowly migrating TPI-B, and segregation studies confirmed the heterozygosity of five of these trees. The enzyme phenotype of TPI in dwarf mountain pine is therefore composed of the products of two genes, a result commonly found also in diploid angiosperms (Gottlieb 1982; Weeden and Wendel 1989) , excluding rare cases of duplication (or sometimes triplications) found in some genera (e.g. Pichersky and Gottlieb 1984; Wendel et al. 1989 ; and reports discussed by Weeden and Wendel 1989).
The results of linkage studies showed that TpiA is probably linked to PgdA. This may locate TpiA in the well-established ''linkage group E'' (Conkle 1981), known in numerous pine species including the closely related P. sylvestris (Goncharenko et al. 1994; Niebling et al. 1987; Szmidt and Muona 1989) . The other enzyme loci from this group are GotC, SdhB, and MdhA. A weak linkage of TpiA with GotC was also detected in P. mugo, therefore the location of TpiA between PgdA and GotC is likely, but this should be confirmed with more detailed analysis. The evidence for linkage between TpiB and DiaD was also found in one tree. The second locus has been mapped in ''linkage group A'' (Conkle 1981), also in P. mugo, where DiaD and AdhA are tightly linked, with a recombination frequency of less than 0.10 (Odrzykoski IJ, unpublished data). The linkage of TpiB with loci from this group should be further tested, because at the same time no linkage was detected between TpiB and two other loci (GotA, AdhA) located close to DiaD.
The subcellular localization experiment showed that the more slowly migrating TPI-B isoenzyme is the only one present in the plastid-enriched fraction. The fast-migrating TPI-A is likely to be a cytosolic form of this enzyme. This is a similar situation to that found in diploid flowering plants, where TPI is usually present as two isozymes encoded by separate nuclear genes (Pichersky and Gottlieb 1984; Wendel et al. 1989) . Only a little is known about the subcellular localization of enzymes used as genetic markers in population genetics studies in gymnosperms. Cytosolic and plastid isozymes of CuZn-superoxide dismutases from needles of Scots pine ( Karpinski et al. 1992; Wingsle et al. 1991) and Norway spruce ( Kroniger et al. 1992) are well characterized and the mitochondrial Mn-superoxide dismutase isozyme is known from the second species (Sehmer and Dizengremel 1998). Another example is provided by two NAD-dependent malate dehydrogenases (MDH2 and MDH3) resistant to ascorbic acid treatment, which suggests their mitochondrial localization, similar to the situation found in maize ( Breitenbach-Dorfer and Geburek 1995) . The procedure of subcellular localization tested for pines in this report may be useful for better characterization of isozyme markers. It should help to identify products of homologous genes, which may be important especially in comparative studies (Conkle 1991) . Guries RP, Friedman ST, and Ledig FT, 1978 The Castle-Wright effective factor estimator gives a minimum estimate of the number of genes underlying complex traits. Because the Castle-Wright estimator does not rely on genetic markers, it is especially useful in genetically undeveloped species. In this article I describe two extensions of this estimator. The first corrects the estimator in heterogametic (XY) species with a partially sex-linked trait. In this case the traditional estimator underestimates gene number in F 2 males and overestimates it in F 2 females and backcross females and males. The second extension adapts the Castle-Wright equation to haplodiploid species.
Since its creation by Wright (see Castle 1921), the Castle-Wright equation has become a widely used tool for estimating the number of genes affecting complex traits. Knowledge of the number of genes is important for two reasons. First, this information is important to quantitative genetics theory. As Lynch and Walsh (1998:231) point out, much of quantitative genetics theory assumes that many genes underlie a phenotypic trait. Therefore it is important to know how well and often this assumption is met. Second, accurate estimates of gene number may answer several important evolutionary questions. For example, current debate over the genetics of adaptation centers on the number of genes typically involved in adaptation ( Bradshaw et al. 1998; Orr and Coyne 1992; Tanksley 1993) Not surprisingly, several recent studies of the genetics of adaptation have employed Wright's equation ( Hatfield 1997; Sezer and Butlin 1998) .
The Castle-Wright equation is especially useful in genetically undeveloped species because it does not require genetic markers. The data required are entirely phenotypic and derive from either an F 2 cross or a backcross between two phenotypically divergent populations or species. For an F 2 cross, the segregation variance of the F 2 ( S 2 )-which is estimated from the phenotypic variance-and the mean trait values of the parents (P 1 ,P 2 ) are used to estimate the number of genes involved:
ef 2 8 S This equation rests upon several simplifying assumptions. First, it assumes that all alleles behave additively (h ϭ 1/2), all loci are unliked, and all alleles have equal effects. It also assumes the two parental strains are homozygous for alternative alleles at all loci affecting the trait and all chromosomes are diploid. If these assumptions are not met, the equation usually underestimates the true number of genes. For example, tightly linked loci are treated as a single effective factor by the Castle-Wright equation. Therefore the Castle-Wright estimate is considered a minimum estimate of gene number.
Despite these restrictive assumptions, a couple of recent genetic analyses of quantitative traits have suggested that the Castle-Wright estimator (and its improved descendants) can be fairly accurate. In a study of Populus, Wu et al. (1997) showed that estimates of gene number from the Castle-Wright equations were usually close to the number of factors found in quantitative trait loci (QTL) analysis. Likewise, Gurganus et al. (1999) found that the Castle-Wright equation accurately estimated of the number of factors underlying a difference in bristle number in Drosophila.
Many improvements have been made to the Castle-Wright estimator, relaxing most of its key assumptions (reviewed in Lynch and Walsh 1998). Wright (1968) made several improvements. He modified the estimator for backcross data, showed how to estimate the effect of the largest factor involved, modified the equation for special cases of dominant and unequal allele effects, and presented methods for improving the estimation of the segregation variance, such as eliminating environmental variation.
Later, Lande (1981) proved that the Castle-Wright equation could be applied to natural populations-that is, to populations not homozygous for all relevant factors. He also developed an equation for the variance of the estimator,
where R ϭ (P 1 Ϫ P 2 ). Later, Cockerham (1986) presented a correction for the sampling variance of parental means. More recently, Zeng et al. (1990; Zeng 1992) corrected the estimator for parents with factors of both increasing and decreasing effects (gene dispersion). Despite these efforts, the effects of deviations from diploidy on the CastleWright equation have been ignored ( but see Chovnick and Fox 1953) . In this article I consider the effects of violating this assumption in heterogametic species (i.e., in taxa in which the X chromosome is hemizygous in one sex) and in haplodiploid species. Because the case of haplodiploidy is simpler, I consider it first.
Note that for simplicity, I illustrate these extensions using the traditional CastleWright equation. These extensions can be combined with other improvements to the Castle-Wright estimator detailed in Lynch and Walsh (1998).
Haplodiploid Species
In haplodiploid organisms (such as bees and wasps), females are diploid and males are haploid. Although F 2 and backcross females can be treated as normal diploids, males cannot; F 2 males inherit their chromosomes solely from their mother and therefore carry a random assortment of grandparental chromosomes. Thus male F 2 progeny are hemizygous at all loci. This lack of heterozygotes inflates the F 2 segregation variance and leads to an underestimate of the number of effective factors (n ef ).
Correcting for this effect in F 2 males is analogous to correcting for F 1 sexual haploids (see Chovnick and Fox 1953) . Because the F 2 variance of haplodiploids is twice that of diploids, it follows that 
Computer simulations were used to test the accuracy of Equations 4 and 5. Both equations performed as well as the analogous diploid equations (data not shown). I provided Equation 3 to Weston et al. (1999) , who applied it to data on the genetics of wing size differences between two species of parasitic wasps (Nasonia). Using the traditional estimator, they would have found only 0.8 (SD ϭ 0.38) effective factors contributing to the difference between these species. The corrected estimator suggests that the actual number is 1.6 (SD ϭ 0.78), a number supported by their introgression data.
Sex Linkage
Heterogametic species, such as humans and Drosophila, are effectively haplodiploid for their sex chromosomes (for simplicity, I assume males are the heterogametic sex). If some of the factors affecting a trait of interest are X linked, the CastleWright estimator is not appropriate. Because the X is never heterozygous in males, the variance of heterogametic F 2 males will be inflated. This causes the Castle-Wright equation to underestimate n ef . Figure 1 shows this underestimation is large when data from F 2 males are considered, such as genetic studies of male secondary sexual characteristics (see True et al. 1997) .
In contrast, the traditional estimator overestimates n ef when data derive from F 2 females. This is because F 2 females always get the same grand-maternal X chromosome from their father. The variance of the F 2 will therefore be smaller than expected, leading to an overestimation of n ef ( Figure  1) .
For similar reasons, estimates of gene number from backcross progeny of crosses using F 1 males are also biased. In this case the Castle-Wright equation overestimates n ef in both sexes ( Figure 1 ). However, employing F 1 females in backcrosses avoids these problems.
Correcting the estimator for sex linkage requires estimating the contribution of the X chromosome to the phenotype. This can be done by comparing the means of F 1 males to those of the F 1 females. Under an additive model, F 1 males resemble their mothers more than F 1 females, as males are hemizygous for the maternal X. Therefore the contribution of the X can be estimated as¯ͦ
From Figure 1 , it is clear that this bias is relatively minor when P x , 0.25. As in haplodiploids, the corrected estimator is given by
ef 2
C S
When data derive from F 2 males,
Or, when data derive from backcross progeny,
As an example of the use of these estimators consider Val's (1977) analysis of head shape differences in Hawaiian Drosophila. Male head width differs considerably between D. heteroneura and D. silvestris and a fraction of this difference was sex linked (ϳ27%). Curiously Val found that in backcross data, n ef depended on which sex was used in the backcross. Estimates based on backcrosses using F 1 males were always greater than estimates based on crosses using F 1 females. For example, n ef ϭ 4 in backcrosses to D. silvestris using females versus n ef ϭ 15 in backcrosses using males. Applying the above corrections to Val's backcross data makes n ef almost the same regardless of the sex used in the backcross (after correction, 4 versus 5.8).
Similarly, in an F 2 analysis of pteridine content in the heads of tsetse flies, McIntyre and Goodling (1996) underestimated the number of genes underlying this trait by 45-50% (cross 1, 2.3 versus 3.4; cross 2, 1.8 versus 2.6).
In this article I have pointed out that the widely used Castle-Wright equation estimates of the number of effective factors may be biased in cases of haplodiploidy and heterogamety. I then presented two simple extensions to the estimator to correct for these cases. The effectiveness of microsatellites in parentage testing and individual identification has been proven in many species, including dogs. However, the use of these markers has not been extended to control for pedigrees in large populations of closely related animals. We have analyzed polymorphism in a set of 10 microsatellites over three generations of 360 pedigree rottweilers. Results were compared with two pure-bred populations of unrelated animals and with one population constituted by unrelated dogs of mixed breeds to measure polymorphism variation. We optimized this set of microsatellites to be analyzed by a semiautomated capillary electrophoresis method after amplification in two multiplex polymerase chain reactions (PCRs). The mean polymorphism information content (PIC) value in the rottweiler pedigree is 0.401 and the combined paternity exclusion probability (CPE) is 95.6%. These values are similar to those obtained in pure-bred populations of unrelated animals, and although polymorphism is reduced in relation to the pool population, we solved all paternity exclusions. In only a few cases did we have to use two additional microsatellites to solve individual identification of full-sib dogs.
Microsatellites have been proven as a useful tool in parentage testing and individual identification in many species, owing to their high levels of polymorphism ( Hammond et al. 1994; Tautz 1989) . However, these levels of polymorphism have an intrinsic limitation when analyzing dogs. Although there are more than 300 different breeds described all over the world, there is high genetic homogeneity within each breed because they have been inbred to select for characteristic traits. Therefore different lines of the same breed often share common ancestors and this results in decreased genetic variability within those breeds.
Large numbers of microsatellites have been described in dogs to date ( Francisco et al. 1996; Holmes et al. 1993 Holmes et al. , 1995 Mellersh et al. 1994; Ostrander et al. 1993 Ostrander et al. , 1995 Primmer and Mathews 1993; Thomas et al. 1997) , however, genetic data has been pooled and analyzed mostly from mixed populations. In pure-bred populations, data about allele frequencies and polymorphism indexes are scarce ( Fredholm and Wintero 1995; Koskinen and Bredbacka 1999; Sutton et al. 1998; Zajc et al. 1997; Zajc and Sampson 1999) . In these pure breeds, where only unrelated animals have been analyzed, intrabreed variation is reduced in relation to pooled populations. Moreover, breeders who rely on dog parentage testing and individual identification commonly use a few selected animals to produce salable pups. This creates difficulties, since microsatellite polymorphism analysis has not been utilized to test for the paternity of closely related dogs. We have addressed this issue and present microsatellite polymorphism and allele frequencies in 360 pedigree rottweilers over the course of three generations. This population reached a maximum inbreeding coefficient of 16%. Our main purpose was to compare this microsatellite polymorphism with two different types of dog populations: one constituted of unrelated pure-bred animals with no common grandparents (golden retrievers and Labrador retrievers) and the other one constituted of 95 unrelated dogs of mixed breeds (pool population). In this way we are able to detect if microsatellite variability is substantially reduced in an inbred population where most of the animals share recent ancestors. These data are particularly relevant to dog breeders, which usually mate closely related individuals and consequently need to use accurate and sensitive parentage tests. Two multiplex PCR reactions were optimized for this set of microsatellites using a semiautomated fluorescent genotyping protocol.
Materials and Methods
Animal Material
The three generations of pedigree rottweilers originate from 47 crosses among 49 dogs used as breeding animals. Twentyseven of these breeding animals share recent common ancestors (at least grandparents) and 18 of the 47 crosses are inbred. The whole pedigree belongs to a single breeder and we consider it as a related pure-bred population. The pure-bred populations of unrelated dogs are composed of animals that have been collected from different breeders and have no common grandparents: 33 golden retrievers and 23 Labrador retrievers. The pool of 95 unrelated dogs includes animals from 24 different breeds: Newfoundland, Spanish greyhound, Belgian tervueren, German shepherd, Belgian groenendael shepherd, dachshund, Siberian husky, poodle, Yorkshire terrier, giant schnauzer, West Highland white terrier, Spanish mastiff, Neapolitan mastiff, boxer, basset hound, English cocker spaniel, Dalmatian, fila brasileiro, bullmastiff, Lhasa apso, Irish wolfhound, beagle, rottweiler, and American Staffordshire terrier. Dog genomic DNA was isolated as described elsewhere ( Francino et al. 1997) .
Microsatellite Markers
A total of 10 unlinked markers have been studied (Mellersh et al. 1997 (Mellersh et al. , 2000 , seven dinucleotide markers-CPH5 and CPH9 ( Fredholm and Wintero 1995) and CXX 366, CXX410, CXX442, CXX459, and CXX474 (Ostrander et al. 1995 )-and three tetranucleotide markers-CXX2001, CXX2010, and CXX2054 (Francisco et al. 1996) . We have used two more 4 bp microsatellites-CXX2130 and CXX2158 (Francisco et al. 1996) -to solve the genetic identity in some cases of full sibs.
These 10 microsatellites were amplified using two multiplex PCR reactions with five markers in each: multiplex-1 (CPH5, CXX366, CPH9, CXX474, and CXX459) and multiplex-2 (CXX2001, CXX2010, CXX2054, CXX410, and CXX442). The two multiplex reactions were carried out in 10 l final reaction mixture containing PCR buffer (1ϫ), 1.5 mM MgCl 2 , 0.2 mM of each dNTP (PE Biosystems), and 30-40 ng of dog genomic DNA. Primer concentration was optimized for each marker: 0.2 M for 4 bp markers, 0.3 M for CPH5, CPH9, and CXX366 markers, and 0.4 M for the other 2 bp markers. One primer from each pair was fluorescently labeled with 6-FAM, TET, or HEX. Taq polymerase ( Life Technologies Inc.) was used at a final concentration of 0.075 U/l and 0.1 U/l in multiplex-1 and multiplex-2, respectively. Thermocycling conditions were 3 min at 94ЊC followed by 25 cycles of 94ЊC (30 s), 58ЊC for multiplex-1 and 55ЊC for multiplex-2 (30 s) and 72ЊC (30 s), followed by a final extension of 15 min at 72ЊC in an MJ Research Hot-Bonnet. The two additional microsatellites were used either together or were added to multiplex-1, using 0.4 M of each primer.
PCR reactions were analyzed by capillary electrophoresis in an ABI 310 Genetic Analyzer (Applied Biosystems, PE) and labeled PCR products were automatically sized relative to the internal standard (PRISM GENESCAN-350 TAMRA) with the GeneScan Analysis 2.0 software.
Computation and Analysis
Allele frequencies and heterozygosity values were calculated with the Biosys-1 version 1.7 software package (Swofford and Selander 1989). The exclusion probability (PE) was calculated on the basis of the estimated allele frequencies (Jamieson 1994). Polymorphism information content (PIC) and PE values were calculated assuming that the genotypes of both parents were known ( Botstein et al. 1980; Jamieson 1994) . We compared the mean PIC values per population using the Student's t test with a significance level of 99.9% using the SAS package (SAS Institute 1995).
Results and Discussion
Microsatellite allele frequencies and PIC values tend generally to be described in populations of unrelated animals. We were interested in measuring how these PIC and PE values are reduced when analyzing inbred populations. In such populations where most of the animals share recent ancestors, 10 microsatellites might be considered insufficient in order to distinguish closely related animals. Indeed, Sutton et al. (1998) found it necessary to use two typing systems ( DNA fingerprinting and microsatellites, or DNA fingerprinting alone) in order to elucidate such problems. In this study we have analyzed 10 microsatellite polymorphism in 360 pedigree rottweilers over three generations (R). Results were compared with two pure-bred populations of unrelated animals [golden retriever (G) and Labrador retriever ( L)] and also with a pool of 95 dogs from 24 different breeds (P). Allele frequencies for each microsatellite are shown in Table 1 .
It is interesting to note that the mean PIC value obtained for these 10 microsatellites in R show no significant differences with the pure-bred populations of unrelated dogs we have analyzed (G and L) (shown in Table 2 ). These PIC values are similar to the ones previously described analyzing 19 microsatellites in three populations of unrelated pure-bred dogs ( Zajc et al. 1997 ( Zajc et al. , 1999 . The sustained polymorphism in R may be explained in two ways. First, the breeding animals possessed a relatively high level of heterozygosity. Second, despite an inbreeding coefficient of 16% in some crosses and a number of backcrosses among the R pedigree progeny, the breeder used a sufficient number of breeding animals to maintain variability.
The mean PIC value for P shows significant differences in relation to the pure breeds (G, L, and R). This population contains a higher level of genetic heterogeneity since it comprises 24 different breeds with some characteristic alleles within each marker that result in a mean PIC value of 0.70. Otherwise this value does not guarantee sustained polymorphism levels when a certain pure breed is analyzed. For example, in our pure-bred populations (G, L and R), the PIC values range from 0.03 to 0.69, with only 40% of the PIC values being higher than 0.5 for the same microsatellites. Moreover, although there are some breed-specific alleles, the major differences between purebred populations are the relative allele frequencies at each individual loci, as has previously been reported ( Fredholm and Wintero 1995; Zajc et al. 1997) . CXX366 has the same number of alleles in G and in R, but shows an enormous difference in the PIC values (0.34 and 0.05, respectively) due to the different distribution of allele frequencies. Therefore it is important to describe allele frequencies of microsatellites in a certain pure breed of dogs in order to select a useful set of markers for parentage control in that particular breed. Microsatellite sequence is also an important consideration when choosing markers. Although greater instability has been described for tetranucleotide motifs, making them more polymorphic than dinucleotide repeats, we have not found any correlation between the repeat motif and the polymorphism level of these microsatellites. The most informative markers for each breed were CPH5 (2 bp) in the R population, CXX2054 (4 bp) in the G and L populations, and CXX410 (2 bp) in the P population. It has also been reported that longer repeats can generate alternatively sized alleles more frequently than shorter ones ( Francisco et al. 1996) . However, the longest microsatellite marker we analyzed (CXX2010) was not the most polymorphic one in any of our breeds. Furthermore, our results suggest that polymorphism levels in dogs depend on the specific pure breed in which a microsatellite has been studied.
Markers CXX2001, CXX2054 and CXX410 do not always follow the above 2 bp or 4 bp repeat motifs, perhaps because of some variation contained within the repeat, as has been previously described for sequenced tetranucleotide markers ( Francisco et al. 1996) . Alternatively it may be due to variability in the flanking regions of the repeats (Grimaldi and Crouau-Roy 1997). Similar results have been reported by Sutton et al. (1998) for 4 bp repeat microsatellites, with alleles separated by 2 bp or less.
In conclusion, this work has addressed and substantiated the use of microsatellites for parentage testing and individual identification in a large population of closely related dogs. Although microsatellite polymorphism is reduced in the rottweiler pedigree if compared to the mixedbreed population, it is similar to the populations composed of unrelated purebred dogs. Therefore 10 microsatellites, multiplexed in two different PCR reactions, were enough to solve all paternity exclusions. Only a limited number of cases required the use of two additional microsatellites to allow individual identification of full-sib dogs. We also demonstrate the existence of allele-specific patterns in the G, L, and R breeds. Taken together, our results suggest that microsatellite polymorphism data obtained from heterogeneous populations cannot always be extrapolated to specific breeds. This fact must be taken into account when implementing microsatellite-based assay for parentage cases, especially in closely related dogs.
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T. V. A. Oliveira
Melipona quadrifasciata is an important pollinator agent in several regions of Brazil. Data concerning the genetics of this species are scarce in the literature. In this work we used the random amplified polymorphic DNA (RAPD) technique to determine the degree of polymorphism and the inheritance pattern of these molecular markers in this species. Our ultimate goal is to establish tools to be used in the study of the genomic organization of M. quadrifasciata. Genomic DNA from progenies F 1 and BC 1 were assayed with 79 different primers, yielding an average of 6.67 bands and 1.68 polymorphisms per primer. Three types of polymorphisms were detected: band presence/absence, band intensity, and fragment-length polymorphisms. Most of the observed polymorphisms were band presence/absence, typical of RAPD-dominant markers. The number of observed polymorphisms and their segregation in accordance with a Mendelian proportion confirm the importance of this technique for genome analysis of species like M. quadrifasciata that are poorly studied at the genetic level.
Melipona quadrifasciata, a species of stingless bee popularly known as ''mandaçaia,'' is an important pollinator agent in several Brazilian ecosystems. Many scientific studies have characterized the biology and the behavior of these bees, however, very little effort has been devoted to the development and use of molecular genetic markers for this species. In spite of this, M. quadrifasciata has a great potential to become a model organism for genetic studies because of its lack of sting and the possibility of making controlled crosses in laboratory, and so its genomic organization must be known.
In order to have markers to construct a linkage map for this species, this work aimed at the evaluation of the frequency of random amplified polymorphic DNA (RAPD) polymorphisms and the determination of their inheritance pattern within M. quadrifasciata. This map will be very useful for further genome analysis in Melipona and will also facilitate the mapping of quantitative trait loci (QTLs) and the characterization of the system for sex determination in this species, allowing comparisons with maps already known for other Hymenoptera species.
The polymerase chain reaction (PCR)-RAPD technique is based on the amplification of genomic DNA using decamer primers of random sequence in a PCR (Welsh and McClelland 1990; Williams et al. 1990 ). The amplification products are separated electrophoretically and can be directly visualized without using specific radioactive probes. Polymorphisms due to base changes at the primer annealing sites or due to deletions or insertions in the sequence flanked by the primers are frequent among genotypes and can be used as molecular markers.
Many articles described this technique as a new tool to analyze the genome of insect species. Most of them dealt with the identification of species and subspecies, including mosquitoes ( Flavia et al. 1994; Wilkerson et al. 1993 ), aphids ( Black et al. 1992 Puterka et al. 1993) , white fly (Gawel and Bartlett 1993), grasshoppers (Chapco et al. 1992) , fruit fly ( Baruffi et al. 1995; Haymer and McInnis 1994) , and several Hymenoptera parasites ( Edwards and Hoy 1993; Landry et al. 1993) .
The simplicity of the RAPD analysis, and the small amount of DNA required for the reactions, makes this technique a powerful and efficient tool for genetic analysis of various species. However, most RAPD markers are inherited in a dominant fashion. For this reason, RAPDs provide less information than codominant markers, such as microsatellites (Williams et al. 1990 ). Nevertheless, here we demonstrate that M. quadrifasciata is quite suitable for analysis with RAPD markers because it is a haplodiploid insect. The dominance of RAPD markers, in this case, can be overcome by performing the analyses in haploid drones, which supply information about the loci present in the parental female, distinguishing the homozygous loci from the heterozygous.
Materials and Methods
Genetic Material
A heterozygous virgin queen for the enzymatic marker hydroxybutyrate dehydrogenase (Hbdh, E.C. 1.1.1.30) was crossed with a drone that had been previously sterilized by treatment with gamma-ray irradiation (60,000r) emitted by a cobalt-60 pump. Subsequently the queen was introduced in a colony from which the original queen had been removed. Sixty haploid adult drones originated from this cross ( F 1 ) were used to determine the type and frequency of RAPD polymorphisms.
One of the haploid drones was backcrossed to the parental queen, resulting in the BC 1 progeny. These progeny consisted of diploid males and females (workers and queens) at a frequency of 1:1 and a small amount of haploid males originated from nonfertilized eggs. The haploid males were detected by cytogenetic analysis of brighteyed pupae (data not shown).
Enzymatic analyses of Hbdh (Alfenas et al. 1991) were performed in the BC 1 progeny to select heterozygous diploid drones and workers for this locus which were used for the DNA analysis. In this way the inheritance pattern of RAPD markers in the haploid and diploid progeny could be accessed.
DNA Extraction and PCR Amplification
Each individual of the F 1 and BC 1 progenies was frozen in liquid nitrogen and immediately separated in two parts: head and mesosome, and metasome. The metasome of the BC 1 individuals was used to determine the Hbdh phenotype, and the head and mesosome were used for DNA extraction. In both techniques a different pestle and mortar were used for each sample to eliminate cross-contamination.
The genomic DNA was extracted as described by Waldschmidt et al. (1997) . The amplification reaction mixture (25 l) contained 3.5 mM MgCl 2 , 10 mM/50 mM TrisKCl (pH 8.3), 0.1 mM of each dNTP (dATP, dTTP, dGTP, dCTP), 0.4 M of a decamer primer (Operon Technologies, Alameda, CA), 1 U of Taq DNA polymerase, and 12.5 ng of genomic DNA. The mixture was placed in a thermocycler model PTC-100 (MJ Research) programmed for 40 cycles. Each cycle consisted of 15 s at 94ЊC, 30 s at 35ЊC, and 1 min at 72ЊC. After the 40th cycle a final extension step of 7 min at 72ЊC was performed. The amplification products were resolved in 1.2% agarose gels immersed in TBE (90 mM Tris-borate, 10 mM EDTA), stained with ethidium bromide (10 g/ml), visualized, and documented under ultraviolet ( UV) light.
Preliminary tests (not shown) defined 79 primers to be used in the RAPD analyses. These primers produced consistent bands that could be easily scored. The polymorphic bands were scored as 1 (presence) and 0 (absence). The scoring process was performed twice by two different people. The two readings were compared and data considered ambiguous were removed. The bands were then analyzed for 1:1 segregation using the chisquared test (P Ͼ .05).
Results and Discussion
Amplification of the genomic DNA of M. quadrifasciata with 79 random primers yielded 527 bands, with an average of 6.67 bands per primer. Three hundred ninetyfour bands were monomorphic and 133 were polymorphic, an average polymorphism of 1.68 bands per primer.
Most RAPD markers are inherited in a dominant way. In general, it is not possible to distinguish heterozygous-from homozygous-dominant individuals at such loci; both have the ''band present'' phenotype. In this work, three types of polymorphisms were observed: band presence/absence, band intensity, and fragment length polymorphisms ( Figure 1 ). These types of polymorphisms occurred 99, 12, and 22 times, respectively. The majority of the markers (95.5%) for which the queen was heterozygous segregated 1:1 in the F 1 drones (P Ͼ .05). These types of polymor- phisms have also been observed during the construction of linkage maps for Apis mellifera ( Hunt and Page 1992), Neurospora crassa (Williams et al. 1990 ), Helianthus (Rieseberg et al. 1993), and Eucalyptus (Grattapaglia and Sederoff 1994) .
Considering the three possible types of polymorphisms, some primers were selected to verify the inheritance pattern of these markers in the BC 1 progeny. For this purpose, we analyzed gels containing the amplification products of the parental drone, haploid drones, diploid drones, and workers ( Figures 2 and 3) .
As observed in Figure 2A , the presence/ absence polymorphism generated by primer OPH-19 segregated 1:1 in the F 1 individuals, revealing that the queen was heterozygous for this locus. As the drone used to generate the BC 1 progeny possessed the marker, each of the progeny also presented it.
On the other hand, DNA analysis of the parental drone with primer OPR-6 ( Figure  2B , lane 1), which also generated presence/absence polymorphism in the F 1 , revealed that this individual did not show the band. Consequently this marker showed a Mendelian segregation within the diploid BC 1 progeny, as expected for a cross involving a heterozygous queen and a hemizygous recessive male (not showing the corresponding band).
Twelve markers (9.02%) segregated in the haploid drones of the F 1 as band intensity polymorphisms, showing that the queen was heterozygous for these loci. It was also observed that these markers segregated in the BC 1 progeny independent of the parental drone phenotype ( Figure 3) . The segregation of these polymorphisms in the BC 1 progeny may be due to intrinsic characteristics of this type of marker which may lead to differential amplifications. The differences could be the result of a different number of sequences in tandem or the degree of mismatches between the primer and its binding site.
One of the amplification products generated with primer OPC-1 in the F 1 segregated for band size ( Figure 4) . Codominant alleles must be amplified with the same primer and be present simultaneously in heterozygous individuals. As expected, both alleles for this locus were present in half of the workers and half of the diploid drones in the BC 1 progeny. The other half of the progeny and the parental drone showed only the small-size band ( Figure  4) . These results clearly show that the queen was heterozygous for this locus. Additional hybridization experiments should be performed to confirm the homology between the two ''alleles'' detected in this locus.
The clear segregation pattern present in the F 1 and BC 1 progenies demonstrate the usefulness of RAPD markers in genetic analysis of M. quadrifasciata. Genetic linkage analyses among the markers detected in this work are presently under way to establish a linkage map for this species to be used in future genetic studies. 
The direct R-banding fluorescence in situ hybridization (FISH) method was used to map 18S-28S ribosomal RNA genes and 10 human cDNA clones on the chromosomes of the musk shrew (Suncus murinus). The chromosomal locations of 18S-28S ribosomal RNA genes were examined in the five laboratory lines and wild animals captured in the Philippines and Vietnam, and the genes were found on chromosomes 5, 6, 9, and 13 with geographic variation. The comparative mapping of 10 cDNA clones of human chromosome 1 demonstrated that human chromosome 1 consisted of at least three segments homologous to Suncus chromosomes (chromosomes 7, 10, and 14). This approach with the direct R-banding FISH method is useful for constructing comparative maps between human and insectivore species and for explicating the process of chromosomal rearrangements during the evolution of mammals.
The musk shrew [Suncus murinus (Soricidae, Insectivora)] is distributed widely from eastern Africa to East and Southeast Asia, and the basic chromosome number of this species is 2n ϭ 40. The chromosome number ranges from 30 to 40 in wild populations of several localities (Aswathanarayana and Prakash 1976; Ishikawa et al. 1989; Sam et al. 1979; Yosida 1982) , and variation has been reported in the size and morphology of both autosomes and sex chromosomes (Manna and Talukdar 1967; Obara and Miyai 1981; Sharma et al. 1970; Yosida 1982) . Laboratory lines of this species have been established and 5, 9, 13 6, 9, 13 6, 9, 13 5, 6, 9, 13 5, 6, 9, 13 5, 6, 9, 13 5, 6, 9, 13 several spontaneous mutations in coat hair, behavior, diabetes, morphology, and others have been reported ( Ishikawa et al. 1998; Matsuura et al. 1999; Ohno et al. 1994 Ohno et al. , 1998 (Matsuda et al. 1992; Takahashi et al. 1990 ). Furthermore, this technique makes it possible to detect chromosomal homology between different species by localizing cDNA clones isolated from map-rich species to chromosomes of map-poor species ( Kuroiwa et al. 1998) .
In this study, to apply the direct R-banding FISH method for genome mapping in Suncus, first we demonstrated replication R-banding patterns of Suncus chromosomes and compared the karyotypes of the five laboratory lines derived from different localities. Using this method we mapped 18S-28S ribosomal RNA (rRNA) genes in the five laboratory lines and wild animals captured in Southeast Asia. Furthermore, 10 cDNA clones of human chromosome 1 were localized directly to Suncus chromosomes to detect conserved homology between human chromosome 1 and Suncus chromosomes.
Materials and Methods
Animals
Five laboratory lines and wild animals listed in Table 1 were used in this study. The laboratory lines are maintained at the Laboratory of Animal Genetics, Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya, Japan.
DNA Probes
A 6.6 kb mouse genomic DNA fragment was used for chromosomal localization of 18S-28S rRNA genes ( Kominami et al. 1982) . Human cDNA clones of HSA1 (Homo sapiens chromosome 1) listed in Table 2 were used for comparative mapping between human chromosome 1 and Suncus chromosomes. The cDNA clones were isolated from the size-fractionated cDNA libraries of the human brain (Seki et al. 1997 ) and these clones have been mapped by GeneBridge 4 radiation hybrid panel ( Ishikawa et al. 1997) . Their cytogenetic locations were estimated by the DNA markers close to the cDNA clones, of which precise locations on chromosomal bands have been determined [see the genome directory in Nature 1995; 377(suppl)]. The information on these clones is available to the public in the KDRI database ( http://www.kazusa.or.jp). KIAA444 and 463 clones showed 89.2% and 99.3% identities to human 218kD Mi-2 and OCT (plexin A2) genes, respectively ( Ishikawa et al., 1997). Other clones showed less than 65% identities.
Chromosome Preparation and in situ Hybridization
Cell culture for R-banded chromosome preparations and FISH were performed as described by Matsuda and Chapman (1995) with slight modifications. Lymphocytes were isolated from the spleen of adult animals, washed twice with serumfree TC199 medium, and transferred to 25 cm 2 culture flasks containing 10 ml TC199 supplemented with 20% fetal calf serum, 3 g/ml concanavarin A, 10 g/ml lipopolysaccharide, 50 g/ml HA15 (Murex), and 5 ϫ 10 Ϫ5 M mercaptoethanol. The splenocytes were cultured for 46 h, and thymidine (300 g/ml) was added in culture medium. After 14 h the cells were washed twice with serum-free TC199 medium, transferred to the culture medium, and then cultured with BrdU (30 g/ml) for an additional 3.5 h. Colcemid (0.02 g/ml) was added 30 min before harvesting the cells (total culture time with BrdU is 4 h). The chromosome slides were exposed to ultraviolet ( UV) light after staining with Hoechst 33258 and stained with Giemsa for analyzing R-banded patterns. For Gband analysis, the cells were cultured without thymidine and BrdU treatments. The G-banded chromosomes were obtained by trypsin-treatment as described by Seabright (1971) .
The DNA probes were labeled by nick translation with biotinylated 16-dUTP (Roche Diagnostics). The hybridized 18S- 28S rRNA gene probes were stained with fluoresceinated avidin ( Vector Laboratories). The hybridized cDNA probes were reacted with goat antibiotin antibodies ( Vector Laboratories) and then stained with fluoresceinated donkey anti-goat IgG ( Nordic Immunology). The slides were stained with 0.75 g/ml propidium iodide (PI) for observation. FISH images were observed under a Nikon fluorescence microscope using Nikon filter sets B-2A and UV-2A. Kodak Ektachrome ASA100 films were used for microphotography.
Results and Discussion
Variations of Chromosomal Morphology
The G-and R-banded karyotypes of the NAG line are shown in Figure 1 . The G-and R-banded patterns were analyzed in detail using 13 and 10 metaphase spreads of the NAG line, respectively. Ambiguous or unusual banded patterns were observed for only a small number of chromosomes, 1.9% (10/520 chromosomes) and 1.5% (6/400 chromosomes) in G-and R-banded metaphases, respectively. These included unclear bands, dark-stained minor bands, and light-stained major bands. The replication R-banded pattern was the complete reverse of the G-banded pattern obtained by trypsin treatment as shown in Figure 1 . Next we examined 4, 5, 5, 5, and 23 metaphase spreads of the OKI, TKU, BAN, KAT, and NAG lines, respectively, and found morphologic variations in chromosomes 16 and Y ( Figure 2) . We measured the length of the long arm (q) and short arm (p) of chromosomes 16 and Y in these five lines, and calculated the ratio of the long arm to the short arm (r ϭ q/p). The r values of chromosomes 16 were 3.4, 4.1, 16.8, 23.3, and 39.6 in the OKI, TKU, NAG, BAN, and KAT lines, respectively. The r values of Y chromosomes were 1.2, 1.3, 1.3, 1.4, and 2.2 in the OKI, TKU, NAG, BAN, and KAT lines, respectively. Following the nomenclature for the centromeric position of chromosomes ( Levan et al. 1964) , chromosome 16 was subacrocentric in the OKI and TKU lines and acrocentric in other three lines. Y chromosomes were submetacentric in the KAT line and metacentric in the other four lines ( Figure 2 ). The morphology of chromosomes 16 and Y was consistent with that reported by Rogatcheva et al. (1996) . Geographical variation in the size and morphology of the sex chromosomes has been reported for both the X chromosome (Obara and Miyai 1981) and the Y chromosome (Sharma et al. 1970; Yosida 1982) . Y chromosomes were not different in the size among the laboratory lines used in this study, hence the variation found in this study appears to be caused by pericentric inversion. Robertsonian fusion of acrocentric chromosomes has been reported by many researchers (Aswathanarayana and Prakash 1976; Ishikawa et al. 1989; Rogatcheva et al. 1997; Sam et al. 1979; Yosida 1982) . The variation in the morphology of chromosome 16 was first found by chromosome banding analysis in this study.
Chromosomal Locations of 18S-28S rRNA Genes
The chromosomal locations of 18S-28S rRNA genes in the five laboratory lines and wild animals are shown in Table 1 , and the hybridization patterns in the TKU, OKI, and KAT lines are shown in Figure 3 . The hybridization signals were observed in the telomeric regions of chromosomes 9 and 13 in all the lines and wild animals, while variations in signal distributions were found in the short arms of chromosomes 5 and 6. The signals were detected in chromosome 5 in the TKU line, chromosome 6 in the OKI and BAN lines, and both chromosomes 5 and 6 in the NAG and KAT lines and the wild animals. No variation was observed between individuals in the wild populations of the Philippines and Vietnam. We observed 130, 123, 115, 135, 112, 144 , and 108 metaphase spreads in the OKI, KAT, TKU, BAN, and NAG lines, and the Vietnam and Philippines wild animals, respectively. The frequencies of metaphases, in which the probes completely hybridized to the chromosomes with low copy number of the genes, were 43.8, 70.3, 87.0, 61.4, 84.3, 87.5, and 70 .4% in the OKI, KAT, TKU, BAN, and NAG lines, and the Vietnam and Philippines wild animals, respectively.
The mtDNA haplotype analysis by Yamagata et al. (1995) indicated that the wild populations of Suncus were classified into three groups: the continental group ( Bangladesh and Nepal), the island's group (insular countries and Vietnam), and the Malay group. Following this classification the BAN and KAT lines should be classified into the continental group, and the OKI, NAG, and TKU lines and the wild animals of the Philippines and Vietnam into the island's group. However, the five laboratory lines and the wild populations were not classified into the two groups by the distribution patterns of the 18S-28S rRNA genes. The present results suggest that the chromosomal locations of the 18S-28S rRNA genes were conserved in chromosomes 9 and 13, and that either of chromosomes 5 and 6 with signals in the wild population was fixed in the TKU, OKI, and BAN lines in the process of domestication. Rogatcheva et al. (1997) reported that the 18S-28S rRNA genes were localized to the telomeric region of chromosomes 9 and 13 and the short arms of chromosome 5 in the four males of the KAT line by FISH methods. In this study, the hybridization signals of the rRNA genes in the short arms of chromosome 6 were observed in addition to chromosomes 5, 9, and 13 in three males of the KAT line maintained in our laboratory ( Table 1). These results suggest a possibility that this variation arose in the process of domestication from the wild population with polymorphism in the chromosomal distribution of the rRNA genes.
Mapping of Human cDNA Clones
We localized 10 cDNA clones of HSA1, which were isolated as long-sized fulllength cDNA clones, to Suncus murinus (SMU) chromosomes. The hybridization patterns of two clones, KIAA444 and 445, on Suncus chromosomes are demonstrated in Figure 4 . The chromosomal locations of the 10 cDNA clones and the hybridization efficiency for each clone to Suncus chromosomes are shown in Table 2 . No consistent fluorescence signals were ob- served on other chromosomes. The comparative mapping in this study revealed the presence of homology between HSA1 and Suncus chromosomes 7, 10, and 14 (SMU7, 10, and 14) ( Figure 5 ). The homologous regions of SMU10 identified by six genes were divided into four segments in HSA1. The order of KIAA456, 449, and 463 clones in HSA1 was conserved in Suncus chromosomes, and the other three genes, KIAA450, 445, and 448, were mapped in the small q5.1-q5.2 region of SMU10. Three genes, KIAA444, 458, and 452, were mapped in the distal region of SMU14, however, the homologous block was interrupted by KIAA445 in HSA1. These results suggest the presence of multiple inversion events in HSA1 that occurred after the divergence of primates and insectivores.
In view of the fact that the insectivore appeared in the Cretaceous period around 150 million years ago (Ohno 1993), comparing insectivore chromosomes with human chromosomes is one of important approaches for explaining the process of chromosomal evolution in mammals. Dixkens et al. (1998) suggested by the ZOO-FISH analysis that only 10 breakages were necessary to transform the human karyotype into the karyotype of the common shrew (Sorex araneus, Insectivora). Although the small segments and intrachromosomal inversions were not detectable in their study, they revealed that the present-day human karyotype was very similar to the ancestral mammalian founder karyotype. On the contrary, our present study indicates a possibility that more chromosomal rearrangements occurred between human and S. murinus, although the information of comparative mapping is limited to HSA1-linked genes. The search of chromosomal homology by comparative mapping of functional genes provides a clue for clarifying the phylogenetic relationship between human and insectivore chromosomes and the ancestral genome structure prior to the separation of the primate and insectivore lineage.
A considerable amount of information on comparative mapping to human chromosomes is being accumulated for several other species than mouse. The comparative maps of human chromosome 1 and chromosomes of several species, including rat, zebrafish, and goat, were reported recently (White et al. 1999 ). Our research is the first report of comparative mapping between Suncus and human, and the direct R-banding FISH used in this study will contribute to construction of the comparative maps between Suncus and other mammalian species. It is necessary to increase mapping data, and making a substantial map between human and S. murinus is our essential subject in the future. In this article we describe the isolation and characterization of a cryptic RRY(i) microsatellite from an Atlantic salmon genomic cosmid library. The chromosomal location of the microsatellite-containing cosmid was performed by fluorescent in situ hybridization (FISH) showing a single-locus signal located on an interstitial position of an acrocentric pair. The suitability of this type of microsatellite marker for population genetic analysis and for the development of a genetic map in this species is discussed. In addition, the usefulness of cosmid libraries for physical mapping of microsatellite markers and therefore for the integration of physical and genetic maps is pointed out.
Most eukaryotic genomes contain a considerable number of repetitive noncoding sequences that exist as both dispersed copies and tandem arrays. Microsatellites (tandemly repeated motifs of 1-5 bp) belong to this second category.
Microsatellite loci can be defined by their specific flanking sequences showing a high degree of length polymorphism (Weber 1990) , which can be analyzed by the polymerase chain reaction (PCR) followed by sizing on polyacrylamide gels (Weber and May 1989) . This polymorphism, joined with their even and apparently random distribution in the genome, makes microsatellite loci very useful as markers for genetic mapping and identity control and they have been used for the development of high-resolution genetic maps of species such as human and mouse (Chapman and Nadeau 1992; Weissenbach et al. 1992) . Low-resolution genetic marker maps, also based on microsatellite markers, are being developed in a wide variety of commercially important species, such as pig, chicken, cattle, rainbow trout, tilapia, and flat oyster ( Buchanan et al. 1993; Kocher et al. 1998; Moran 1993; Naciri et al. 1995; Rohrer et al. 1994; Young et al. 1998) .
Genetic linkage maps are complemented with physical mapping, which enables the assignment of linkage groups to specific chromosomes ( Ellegren et al. 1994; Toldo et al. 1993) . The development of fluorescent in situ hybridization ( FISH) using microsatellite-containing cosmids as probes has been an important advance and has been used in different map projects ( Dickens et al. 1999; Fischer et al. 1996; Toldo et al. 1993 ). This method is of particular importance in species, like fishes, whose karyotypes are not standardized, since FISH can simultaneously allow chromosome identification and genetic data integration. In this work we describe the isolation and characterization of a single trinucleotide locus microsatellite from an Atlantic salmon (Salmo salar) cosmid library. We also report the chromosomal location of the microsatellite-containing cosmid clone on the Atlantic salmon chromosome complement.
Materials and Methods
Isolation and Characterization of the Locus Microsatellite
A cosmid genomic library has been constructed in superCosI according to manufacturer's instructions (Stratagene, La Jolla, CA). A (GAC) 6 oligonucleotide was kinased with (␥ 32 P). Positive clones were isolated and DNA extracted by the standard alkali lysis. Cosmid DNA was digested with several restriction enzymes and analyzed by Southern blotting. Positive restriction fragments smaller than 1.3 kb were subcloned into pUC and sequenced with the Sequenase 2.0 sequencing kit (Amersham, Sweden). Clone SS10 was chosen for microsatellite analysis after being mapped by FISH. Two primers flanking the trinucleotide repeat were designed for PCR amplification of this microsatellite (submitted to the EMBL, accession number AJ012206).
FISH
Chromosome obtention. Metaphase chromosomes were obtained from lymphocyte cultures. Two to 3 ml of venous blood was extracted from the dorsal vein of several Atlantic salmon adults and stored in heparinized tubes. Lymphocytes were purified and cultured according to standard procedures. Cultures were incubated at 19ЊC for 5 days. Six hours before harvesting, colchicine was added to a final concentration of 0.01 g/ml. Cells were treated with 0.5% KCl and fixed in methanol:acetic acid (3:1). Slides were prepared according to standard procedures.
Probes
The chromosomal location of locus SS10, characterized in this study, was established using as probe the whole microsatellite-containing cosmid clone labeled with biotin 16-dUTP by nick translation according to the manufacturer's recommendations (Roche Diagnostics).
Chromosome slides were pretreated with RNase and pepsin as described by Wiegant et al. (1991) . Repetitive sequences were suppressed by prehybridizing 100 ng of the labeled probe with 100 g of sonicated salmon testes DNA. After overnight hybridization at 37ЊC, the slides were washed for 10 min at 42ЊC in 50% formamide 2ϫ SSC and then washed twice for 5 min in 0.1ϫ SSC at 50ЊC. Detection of signals was performed according to Pendás et al. (1993) . Images were obtained using a Zeiss axioscope epifluorescent microscope equipped with a CCD camera (Photometrics).
Microsatellite Analyses PCR amplifications were carried out using the GeneAmp PCR System 2400 from Perkin-Elmer Cetus, with samples containing approximately 50 ng Atlantic salmon DNA, 10 mM Tris-HCl pH 8.8, 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton X-100, 20 pmol of each primer, 1 U Dynazyme II DNA polymerase ( Finnzymes Oy), and 250 M dNTP in a final volume of 20 l. PCRs were performed with an initial denaturing step (5 min at 95ЊC) followed by 35 cycles consisting of denaturation at 95ЊC for 20 s, annealing at 57ЊC for 20 s, and extension at 72ЊC for 20 s. The final extension was at 72ЊC for 5 min. PCR products were run on 5.6% acrylamide, 5.6 M urea denaturing gels, and detected by silver staining using the DNA Silver Staining System (Promega). The sizes of allele products were estimated by comparison with pUC sequence reactions.
Mendelian inheritance of this microsatellite locus was tested in two half-sib families. To obtain a first estimate of its variability, 30 wild adults caught in the Esva River (Spain) were analyzed.
Results and Discussion
The detailed sequence analysis of the positive clone SS10 showed that the repeat motif present in this clone was composed of two different interspersed trinucleotide sequences (AAC and GAC), the longest single triple array being seven GAC repeats. According to Jacobson et al. (1993) , this sequence can be considered a ''cryptic repeat'' because the nature of the long tandem repeat is only appreciated when the sequence is categorized into purines and pyrimidines. When this transformation was done to our sequence, we obtained a cryptic repeat consisting of 82 triplets (cRRY (82) ). In human, mouse, and yeast sequences, cryptic RRY are abundant and, like simple RRY, are nonrandomly distributed with respect to both sequence and location, being the trinucleotides GGC or AGC predominant within human cRRY(i) (Gostout et al. 1993 ) and preferentially located in coding and 5Ј untranslated regions (Ricke et al. 1995) . Whether these cryptically simple regions within genes are important for the function of the gene product or represent relatively weakly selected parts of the gene remains unclear.
When the two half-sib Atlantic salmon were analyzed using this cRRY microsatellite, we observed a perfect codominant single-locus Mendelian inheritance ( Figure  1 ). In the sample from the Esva River, seven alleles were detected, ranging from 380 to 456 bp in length. The 434 bp allele showed the highest frequency (0.55), far from the others which showed frequencies of 0.21 (425 bp allele), 0.1 (380 bp allele), 0.06 (413 bp allele), 0.03 (391 and 456 bp alleles), and 0.02 (409 bp allele). The heterozygosity observed for this population was 0.63. In all cases only one or two alleles per individual were observed.
Most of the Atlantic salmon microsatellites characterized in other works are comprised of two base pair repeat units, usually (GT )n or (GA)n motives. A disadvantage of dinucleotide repeat polymorphisms is that in acrylamide gels, each allele is revealed as several shadow bands that sometimes obscure the position of other allelic fragments, which makes genotyping difficult or impossible: for example, it is difficult to differentiate heterozygotes from homozygotes for alleles differing in length by only two nucleotides.
In this work, and despite the size of the repeat segment in this polymorphic locus ( longer than 380 bp), all the alleles at the cRRY microsatellite locus could be identified unambiguously and no stutter bands were observed ( Figure 1 ). This could be due to the complexity of the sequence, which can prevent the substantial polymerase stuttering that is commonly seen when more monotonous tandem repeats [e.g., (GT )n] are amplified by PCR (Gostout et al. 1993 ). Similar results have been observed by other authors in different species ( Edwards et al. 1992; Francisco et al. 1996; Naish 1998; O'Reilly et al. 1996) . The unambiguous allele sizing of trinucleotide and tetranucleotide core motives in comparison with dinucleotide core sequences leads us to consider these types of microsatellite loci to be more suitable genetic markers for population analyses.
As expected from the Mendelian monogenic inheritance detected in the two studied families, the FISH of the whole microsatellite-containing cosmid clone shows a single-locus signal in most of the cells analyzed. The signals were located on an interstitial position of an acrocentric chromosome pair ( Figure 2 ). Accordingly we believe that this microsatellite can be used for anchoring the developing genetic and physical map in Atlantic salmon. As previously reported by Lundin et al. (1999) and Martinez et al. (1999) , the use of cosmid libraries in Atlantic salmon for isolation and characterization of molecular markers allows the integration of physical and genetic maps and also the identification of the different chromosome pairs.
Looking at the results obtained in this work, we conclude that the isolation of microsatellite markers from cosmid clones is a useful tool for the development of the genetic and physical map in species like fish, with poorly standardized karyotypes. Two behavioral traits, temperament and habituation, were measured in 130 calves from 17 full-sib families which comprise the Canadian Beef Cattle Reference Herd. Using variance components, heritability was calculated as 0.36 for temperament and 0.46 for habituation. Genotyping of 162 microsatellites at approximately 20 cM intervals allowed the detection of six quantitative trait loci (QTL) for behavior traits on cattle chromosomes 1, 5, 9, 11, 14, 15.
The inheritance of behaviors in domestic animals is of considerable interest to livestock producers, but it has been the focus of relatively few studies. In part, this may be because of the difficulty of assessing or quantifying a behavior for statistical analyses. For example, most studies with cattle rely on a subjective scoring scale to assess temperament during some handling procedure ( Dickson et al. 1970; Hearnshaw and Morris 1984; Tulloh 1961; Voisinet et al. 1997) . Temperament of an animal can be defined as ''an animal's behavioral responses to handling by humans'' ), including its excitatory or inhibitory reactions, level of motor activity, persistent habits, emotionality, alertness, etc. ( Hurnik et al. 1995) , and as such is not easily quantified. However, certain aspects of temperament such as excitability and the level of motor activity during handling have been quantified ( Burrow and Dillon 1997; Stookey et al. 1994 ) and proven to be persistent over time (Grandin 1993) . In addition, these objective measurements have been correlated to at least one physiological response-heart rate (Piller et al. 1999; Waynert et al. 1999) . Because selection for certain behaviors is considered to be useful to humans and/or to the animal (Schmutz and Schmutz 1998) it would be beneficial to establish that such behaviors are inherited and therefore could potentially be mapped.
Some studies in humans have been conducted to evaluate relationships between behavior and specific candidate genes, often chosen on the basis of neurochemical properties. Polymorphisms in type 4 dopamine receptor ( DRD4) ( Ekelund et al. 1999 ) and in dopamine receptor type 2 ( Noble et al. 1998 ) have been associated with novelty seeking as assessed by the temperament and character inventory ( Ekelund et al. 1999 ). This same assessment was used by Kumarkiri et al. (1999) to conclude that alleles in the serotonin transporter transcriptional control region were associated with cooperativeness. An intronic polymorphism in tryptophan hydroxylase was used as a marker to show it appears to be associated with antagonistic behavior (Manuck et al. 1999) .
Quantitative trait loci (QTL) mapping is being used in humans and mice for complex traits, and some of these include behaviors. We report here on a study that attempts to map two behavioral traits using a QTL approach in beef cattle: the response to isolation during handling (which we believe to be a reflection of temperament) and habituation to the handling procedure.
Methods
Animals
A herd of 17 families composed of 130 embryo transfer calves was used in this study. The calves were raised by surrogate mothers or recipient dams, as opposed to their biological mothers. As is typical of cow herds, the sires were not in contact with their calves either. The calves were weaned from their recipient dams at 6 months of age and trucked for approximately 2 h from the ranch where they were born to the University of Saskatchewan Beef Research Station. The newly weaned calves arrived in six groups of a few families each over a period of 4 months. The calves were unloaded from the trucks and group penned until each was individually weighed and measured within the next hour.
Behavior Measurements
Each group was assessed upon arrival at the feedlot and again on a single day when they ranged in age from 8 to 12 months. The difference between the initial score at weaning and this later measurement, we call ''habituation,'' since the animals had been weighed in this same building, and therefore held briefly in this same device, every other week since weaning.
During the behavioral assessment, cattle were moved single file through an indoor handling facility and held individually on an electronic platform scale for 1 min. Solid sliding doors and sides prevented the animal from seeing other cattle. The amount of movement made by the animal during the 1-min test was quantified by an electronic movement measuring device (MMD) attached to the load cells of the weight scale (Stookey et al. 1994) . The MMD samples the analogue voltage signal at 122 discrete time intervals per second. Any movement by the animal on the scale causes the signal to fluctuate. A peak is recorded whenever a trend of increasing or decreasing voltage is reversed. The number of peaks recorded is correlated to the amount of movement that can be detected by video analysis (Stookey et al. 1994) . We call this response to isolation ''temperament,'' in the sense that agitation and movement during handling can be thought of as a reflection of an animal's temperament.
Heritability Calculation
Heritability was calculated from variance components obtained from analysis of variance (ANOVA) using a nested design with biological dams nested within sires, since each sire was mated to more than one dam and hence had more than one full-sib family.
Genotyping
One hundred and sixty-two microsatellites were selected at approximately 20 cM intervals throughout the genome. We chose microsatellites that had six or more alleles whenever these were available, at approximately 20 cM intervals. Polymerase chain reaction (PCR) was used to genotype all parents and calves from DNA extracted from blood ( Buchanan et al. 1994) . Genotypes were scored twice independently showing an example chromosome, cattle chromosome 1, with the number of families in which both parents had genotypes that were alike, in which neither parent was heterozygous, in which only one parent was heterozygous, and in which both parents were heterozygous. The number of alleles found for each microsatellite is shown below to indicate that a higher number of alleles found did not guarantee a higher proportion in which both parents were heterozygous.
and discrepancies were resolved or the samples were retyped.
QTL Analysis
It was necessary to use an analysis that could summarize information about each marker-QTL linkage ( Knott and Haley 1992) across several small full-sib families. We used a modified identical-by-descent analysis procedure. Each sib pair within a family (i.e., a family of 5 sibs would constitute 10 sib pairs) was designated as being like or unlike in their genotype at a given marker. An unpaired t test was used to test the absolute differences in the phenotypes (i.e., MMD score) of like versus unlike groups within each family. The ttest values were squared and summed across all the families and the probability was determined using a chi-squared distribution ( Xu and Atchley 1995) with degrees of freedom equal to the number of families (Weller et al. 1990) . A P Յ .00156 was considered significant ( Knott et al. 1996) .
Results
The movement score, as a response to isolation, had a mean of 89 Ϯ 5.9 at weaning, with a standard deviation of 56. The movement scores ranged from 21 to 284. The difference between this score and the score several months later, or habituation, had a mean decrease of 17 Ϯ 6 (SD ϭ 70). The range was 267 more to 232 less, indicating that some cattle were more agitated in the first measurement while others were more agitated during the second. In his review, Burrow (1997) states that most studies show temperament improved with age and increased handling. The heritability of temperament at weaning was calculated as 0.36 and of habituation as 0.46. Several QTL were detected for one and/or both of these traits. Chromosomal locations for QTL detected for both behaviors are shown in Table 1 .
Of anecdotal interest, one night a pen of heifers was scared by something and two animals became so agitated they ran into a post in their corral and each broke their jaw. Both were members of a single family and had high scores (119 and 149) detected during their behavioral measurements. We suggest this exemplifies the problem such a temperament can cause an animal.
Discussion
We found a slightly higher heritability for temperament than most other studies.
However, most studies, including ours, agree that temperament is of moderate heritability in beef cattle. Fordyce et al. (1996) studied Shorthorn cross beef cattle in Australia and found a heritability of 0.08-0.014 for their temperament score but 0.32-0.70 for flight distance. Le Neindre et al. (1995) reported a heritability of 0.22 for a docility score based on a Limousin heifer's reactions to being limited to a corner of a pen by a handler. Morris et al. (1994) used a subjective scale of 1-8 for assessing cows during weighing and 1-5 to rate temperament in terms of ease of handling during herding into pens by stockmen in Angus and Hereford beef cattle. They report low to moderate heritabilities with wide standard errors. Mourao et al. (1998) estimate the heritability of temperament as 0.27 using dam-daughter regression analysis of subjective scores between 1 and 5 based on aggressiveness. Using a restraint test in a chute of weaned calves, Stricklin et al. (1980) reported a higher heritability, similar to that found in this study, of 0.44-0.48 which was calculated using paternal half-sib correlations. This measurement of temperament, although subjectively scored, was obtained from the test situation most similar to that used in our study.
In the present study, the embryo transfer protocol used to produce the families created a unique group of individuals deprived of the opportunity to imitate their biological dams' behavior during rearing. Each calf was carried to term and reared by a surrogate mother making it possible to study innate behavioral tendencies with the confounding effects of maternal influence on early experience somewhat diluted. The high heritabilities of behavioral traits that we report may be a reflection of having equalized some of the effects of early environmental (maternal) influences.
The modification in our analysis from the more typical scoring of zero, one, or two alleles shared was done because most families had only one or the other parent heterozygous at a marker instead of both heterozygous, as shown in Figure 1 . Some families had both parents heterozygous, but they had the same genotype and the offspring were thus uninformative. A few had neither parent heterozygous. Therefore we did consider the more typical IBD approach, but we did not feel it suited our dataset as well as one might expect. Although we might miss some QTL using only ''like or unlike,'' we believed that this approach was conservative. We report six QTL localizations where both of these related behavioral traits were detected. Relatively few coding genes are yet mapped in cattle, but we attempted to look for candidate genes in the regions near these QTL. Cannabinoid receptor (CNR1) was previously mapped by in situ hybridization to the region of chromosome 9 (Pfister-Genskow et al. 1997) , where one QTL was found. This gene was mapped in humans to chromosome 6q14-15 ( Hoehe et al. 1991) . Type 2 and 4 dopamine receptors ( DRD2 and DRD4) are localized to human chromosome 11p15.5. DRD2 is mapped to cattle chromosome 15 (Amarente et al. 1999) .
Although few studies have attempted QTL mapping of behavioral traits in animals, Turri et al. (1999) reported three localizations for ''emotionality'' in mice, chromosomes 1, 12, and 15. Their behavior measurements for this trait were the total distance a mouse traversed in an open field arena in 5 mm and the number of fecal boli during this 5-min time period. The region on mouse 1, from 92 to 105 cM, is homologous to the upper third of cattle chromosome 16. The area on mouse chromosome 15, at approximately 43 cM, in which they found a QTL, is homologous to cattle chromosome 14 in the region where a QTL was found in this study.
From the Department of Animal and Poultry Science (Schmutz, Winkelman-Sim, and Buchanan) Three Quercus simple sequence repeat (SSR) markers were amplified by polymerase chain reaction (PCR) from nuclear DNA extracts of trees and in vitro-induced haploid embryos from anther cultures of Quercus suber L. These markers were sufficiently polymorphic to identify 10 of 12 trees located in two Spanish natural areas. The same loci have been analyzed in anther-derived haploid embryos showing the parental tree allele segregation. All the alleles were present in the haploid progeny. The presence of diverse alleles in embryos derived from the same anther demonstrated that they were induced on multiple microspores or pollen grains and they were not clonally propagated. Also, diploid cultures and mixtures of haploid-diploid tissues were obtained. The origin of such cultures, either somatic or gametic, was elucidated by SSR markers. All the embryos showed only one allele, corroborating a haploid origin. Allelic composition of the haploid progeny permitted parental identification among all analyzed trees.
The embryogenic process originated during anther culture may have different origins, for example, haploid cells such as microspores or pollen grains, or somatic cells from anther tissues. Therefore embryo genetic composition may be of either gametic or sporophytic, depending on which cells are induced. Anthers subjected to stress conditions can become a target for embryo induction ( Bueno et al. 1997) . When embryogenesis appears as a result of stress, the probability of obtaining haploid embryos from microspores or pollen grains is greater, rendering this method more interesting than embryogenesis induction by plant growth regulators. Data for isolated microspore cultures clearly indicate that hormones are not required for embryogenic induction. In fact, at least benzylaminopurine has been shown to inhibit pollen embryogenesis in tobacco ( Kyo and Harada 1990) .
Due to the importance of doubled haploid plants for plant breeding, their production through anther culture would be especially useful in species with long generation times and strong inbreeding de- pression, which make traditional breeding methods impractical. Only a few isolated reports have appeared describing the formation of embryos in anther cultures of forest trees such as Quercus suber ( Bueno et al. 1997 ).
The type of origin, either haploid, dihaploid, or diploid, of anther-derived embryos has been rarely studied in forest tree species or even in other plant species ( Hayward et al. 1990; Müller-Starck and Jörgen-sen 1991) . Nevertheless, flow cytometry has permitted the distinction of haploid embryos, diploid embryos, and explants composed of cells of both types, all of them coming from the same anther in cork oak (Q. suber). The proportion of haploid embryos formed in anther cultures has been higher than that of diploids or haploid/diploid mixtures. This has led to the conclusion that the embryos with double DNA content were not heterozygotic diploids with the parental genome but dihaploids. The necessity of testing this assumption led us to use molecular markers, such as simple sequence repeat (SSR).
Codominant molecular markers are more suitable for this study because homozygotic and heterozygotic individuals can be distinguished. For this purpose, isozyme markers were used initially (Müll-er-Starck and Jörgensen 1991) , but presently DNA markers with a higher number of alleles are available, such as microsatellites, that facilitate sample analysis through selective amplification of repeated sequence fragments.
The use of microsatellite markers is generally restricted to species in which they are designed, due to the high degree of homology necessary between primers and sample DNA. Sometimes there are amplifications available for one species derived from closely related species during evolution for which those primers were designed ( Fields and Scribner 1997; Primmer et al. 1996; Sun and Kirkpatrick 1996) . This is the case for (GA) n microsatellites in the genus Quercus. Most SSRs localized by Steinkellner et al. (1997a,b) in Q. petraea can be polymerase chain reaction (PCR) amplified using the same primers in other oaks and even some SSRs have been found in other species of the Fagaceae.
In the present work, microsatellite markers are used for the first time in cork oak. Those markers can be used for tree identification, genotypic characterization, heterozygosity evaluation, and determination of the ploidy level in anther embryos induced by stress treatments. Furthermore, in the case of highly heterozygotic trees, a test of parental exclusion and genotype identification might be used for identification of the paternal tree of the gametic embryos, based on the analysis of its haploid progeny.
Materials and Methods
Plant Material
DNA from leaves was obtained from 12 Q. suber trees. Eight trees, located in Cáceres, were numbered 1H-8H, and the other four trees, located in Madrid, were labeled J, 1P, 2P, and 3M.
Embryonic tissue for DNA extraction was sampled from Q. suber haploid embryo cultures obtained from tree 3M, following Bueno et al. 1997: (1) Twelve embryos from two anthers, six from anther 164 and six from anther 169, the haploid origin of which has been assessed by flow cytometry analysis.
(2) Six embryos from anther 104, which have shown a haploid-diploid composition by flow cytometry analysis.
(3) Six embryos from anther 212. In these embryos diploid DNA levels have been observed by flow cytometry analysis.
DNA Isolation, SSR Loci, and Amplification Conditions DNA from leaves was extracted as described by Ziegenhagen et al. (1993) with a posterior purification with the GENE-CLEAN kit ( BIO 101). DNA from embryos was extracted as described by Doyle and Doyle (1990) .
Three Q. petraea microsatellite loci, (GA) n repeats, were amplified with the primers SsrQpZAG15, SsrQpZAG46, and SsrQpZAG110 designed by Steinkellner et al. (1997a) with the PCR amplification profile as described by Barreneche et al. (1998) . These loci were assayed on the basis of their observed heterozygosity and conservation between Quercus species (Steinkellner et al. 1997a,b) .
Each 25 l amplification reaction contained 20 ng of genomic DNA, 0.2 M of fluorescently labeled forward primer and unlabeled reverse primer (Progenetic), 200 M each dNTPs, 50 mM KCl, 10 mM Tris-HCl (pH 9), 2.5 mM MgCl 2 and 0.5 U of Taq-DNA polymerase ( Ecogen). Fluorescent labeled PCR products were separated and analyzed on a semiautomated sequencer (ABI-Prism, Perkin-Elmer). Standards were used for length determination of alleles.
Heterozygosity and Power of Discrimination Indexes
As a measure of the information provided by each locus, heterozygosity was calculated using Nei's (1973) formula: H ϭ n/(n Ϫ 1)*1 Ϫ ⌺p i 2 , where p i is the frequency of allele i in the n analyzed trees.
Power of discrimination for each locus was calculated using the formula PD ϭ 1 Ϫ ⌺P i 2 , where P i is the frequency of genotype i ( Kloosterman et al. 1993 ).
Mendelian Allele Segregation
Mendelian allele segregation was analyzed by chi-squared test.
Results
DNA amplification in leaf extracts of the trees analyzed was successfully obtained in all three loci. Also, all amplification products had the expected size for all microsatellites ( Table 1) . It is noteworthy that the extraction system designed for pine needles by Ziegenhagen et al. (1993) has also been applicable to DNA isolation from cork oak leaves, which contain characteristic substances that might interfere with Taq polymerase activity and hamper SSR fragment amplification.
All loci were polymorphic in cork oak ( Table 1 ) with 3-6 alleles per locus, the average being 4.67 alleles per locus. Table  2 shows the Hardy-Weinberg expected heterozygosity (H), which range between 0.475 and 0.685 per locus. The average value of this index for all three loci studied was 0.576. The power of discrimination between genotypes was 89.6%. All three microsatellite loci showed a similar level of polymorphism to that found in other species of the genus Quercus (Steinkellner et al. 1997b ). Four alleles were found for locus ssQpZAG15 among the 12 cork oak trees analyzed, in a similar frequency to that found in Q. petraea. Locus ssQpZAG110 had more alleles, while locus ssQpZAG46 had fewer alleles in Q. suber than in Q. petraea. A total of 13 alleles have been found ( Table 2) , four of which were unique.
Embryo Analysis
Genotype identification of embryos induced in anthers from tree 3M was performed by means of all three microsatellites assayed ( Table 3) . Six embryos from each anther and four anthers from the same tree were tested for each locus, thus a total of 24 embryos. All alleles of the parent tree were also found in the progeny, but only one allele per locus was amplified in each embryo. The pattern of allelic heredity was analyzed by a chi-squared test, obtaining a 1:1 segregation for locus ssQpZAG46 only ( Table 3) . A total of five genotypes were differentiated.
Discussion
Three primers designed by Steinkellner et al. (1997a) for microsatellite amplification in Q. petraea were used for DNA analysis of Q. suber.
Tree Analysis
All three loci tested were polymorphic and the average rate of heterozygotic loci found in a set of 12 trees was as high as 55.6%. This is not remarkable if we take into consideration that those markers were chosen for this study on the basis of high polymorphism.
Semiautomated sequencer output revealed only a single peak for loci of homozygous trees and two peaks of different size in the case of heterozygotes. It was concluded that this system is adequate for size determination of microsatellites ( Bredemeijer et al. 1998) .
Microsatellite polymorphism has provided a new approach to the genetic analysis of cork oak and an efficient tree identification system, due to the high discrimination power obtained for genotypic differentiation. In our case, only three loci were necessary to identify 10 of 12 trees tested. Two fully homozygotic trees for all three loci, with the same allelic composition, were found (namely 2H and 1P).
On the other hand, three individuals were heterozygotic for all three loci. A high degree of heterozygosity has already been detected for oaks by means of isozyme analysis. In Q. petraea and Q. robur, for instance, a population of 1606 juvenile plants showed a 21.9 and 21.3% heterozygosity, respectively (Müller-Starck 1990) .
Embryo Analysis
We obtained a haploid progeny of pollen embryos through anther culture from tree 3M, which has a high degree of heterozygosity. Previous studies on the ploidy level of cork oak anther embryos were performed by flow cytometry to determine their origin, either gametic or somatic. A high percentage of embryos were in fact haploid, confirming their origin from microspores or pollen grains. Nevertheless, some exceptions were found, revealing a diploid genome, such as embryos from anther 212 or a mixture of haploid and diploid genome, such as in anther 104. One of the aims of our analysis by microsatellite markers was to prove the hypothesis of a spontaneous duplication of the haploid genome. The results obtained in this work verify this hypothesis. Four anther cultures previously analyzed by flow cytometry for ploidy level determination were chosen. From these anthers, six embryos per anther were analyzed by microsatellite amplification, corroborating the allelic pattern of the parent tree ( Table 3) . Both alleles from each locus were found in the progeny and different haplotype combinations have been obtained.
As is shown in Table 3 , diploid anther embryos had only one allele per locus, revealing a homozygotic genome for all loci tested. These results confirm the applicability of microsatellite markers as indicators of the ploidy level in embryo regeneration from anther cultures, as it was previously performed by isozymes in Q. petraea (Müller-Starck and Jörgensen 1991) . Again, in the case of haploid-diploid embryos induced on anther 104, a single allelic combination (124, 192, and 222 bp) was observed.
Both alleles of locus ssQpZAG46 (190 and 192 bp) segregated 1:1 in the haploid embryo progeny induced on anther 164. Also for dihaploid embryos from anther 212, both alleles of ssQpZAG15 (120 and 124 bp) were present.
The use of microsatellite markers has permitted the verification of the hypothesis that anther embryos are induced from different microspores or pollen grains, as it has been proved by the diverse genetic composition of embryos from the same anther. This confirms previous results obtained by isozymes and RAPDs ( Bueno et al. 2000) .
Parental Tree Analysis by Descendant Embryo Analysis
Allele segregation in the haploid descendants can be used for the heterozygosity analysis of an individual so that direct DNA analysis is not necessary for the parental tree. The high rate of polymorphism observed also permitted the identification of the parent tree by parental exclusion.
In this case locus ssQpZAG15 has two alleles, of 120 and 124 bp each, which are present in trees 1H, 3H, 4H, 7H, J, and 3M, excluding other trees as possible fathers. The locus ssQpZAG46 has two alleles present in the embryos, of 190 and 192 bp, which are present in trees 8H and 3M only. The combination of both exclusion criteria reveals 3M as the parental tree. The same result can be obtained with locus ssQpZAG110, with alleles of 222 and 238 bp, only present in trees 3H and 3M. The principle of parental exclusion could be applied in our embryo cultures and only two loci were sufficient for parental identification.
Conclusions
Nuclear DNA microsatellites are an adequate system for the tree identification in cork oak thanks to a high discrimination power among genotypes. Both alleles of each SSR locus were inherited by anther embryos, and Mendelian segregation (1:1) could be statistically proved by chisquared test in one case. The homozygosity of both haploid and diploid anther embryos has been proved by microsatellite markers, revealing a certain rate of spontaneous DNA duplication. Embryo origin from multiple microspores or pollen grains inside a cork oak anther has been found by the different genetic composition of those embryos. The parent tree genome can be deduced from the haploid embryo progeny. SSR markers were used for the first time in cork oak, corroborating their applicability for many genetic analyses.
Wild germplasms are often the only significant sources of useful traits for crops, such as soybean, that have limited genetic variability. Before these germplasms can be effectively manipulated they must be characterized at the cytological and molecular levels. Modern soybean probably arose through an ancient allotetraploid event and subsequent diploidization of the genome. However, wild Glycine species have not been intensively investigated for this ancient polyploidy. In this article we determined the number of both the 5S and 18S-28S rDNA sequences in various members of the genus Glycine using FISH. Our results distinctly establish the loss of a 5S rDNA locus from the ''diploid'' (2n ϭ 40) species and the loss of two from the (2n ϭ 80) polyploids of Glycine. A similar diploidization of the 18S-28S rDNA gene family has occurred in G. canescens, G. clandestina, G. soja, and G. max (L.) Merr. (2n ϭ 40). Although of different genome types, G. tabacina and G. tomentella (2n ϭ 80) both showed two major 18S-28S rDNA loci per haploid genome, in contrast to the four loci that would be expected in chromosomes that have undergone two doubling events in their evolutionary history. It is evident that the evolution of the subgenus Glycine is more complex than that represented in a simple diploid-doubled to tetraploid model.
Progress in soybean [Glycine max ( L.)
Merr.] improvement has been slow due to an overall lack of genetic variation in the germplasm, inherent difficulties in crossing, and a lack of cytogenetic and molecular markers ( Keim et al. 1990 ). In a crop species with limited genetic variability, such as soybean ( Delannay et al. 1983; Keim et al. 1989; Specht and Williams 1984) , wild germplasms are often the predominant sources of genes for crop improvement.
The genus Glycine, contained within the tribe Phaseoleae, has been divided into two subgenera, Glycine and Soja. The subgenus Glycine consists of 15 wild perennial species, mostly diploid (2n ϭ 40) and some allopolyploids (2n ϭ 80) (Singh 1993) . The subgenus Soja (2n ϭ 40) contains the cultigen Glycine max ( L.) Merr. and its wild annual progenitor G. soja Sieb. and Zucc. (Singh 1993) .
Nearly all the genera of tribe Phaseoleae have a chromosome number of 2n ϭ 22. As no members of the genus Glycine have a confirmed diploid chromosome number of 20 or 22, soybeans are thought to have arisen through an ancient allotetraploid event involving both chromosome doubling and chromosome loss, followed by the subsequent diploidization of the genome ( Danna et al. 1996) . However, the putative original progenitor species have not been identified ( Hymowitz and Singh 1987; Kumar and Hymowitz 1989; Lackey 1980) , nor have the wild species been closely investigated for evidence of this ancient polyploid event.
The next generation of evolutionary studies has moved beyond simple base addition/deletion frequency correlations and is focused on analysis of genome organization and synteny. However, despite the considerable attention and resources committed, the high-density, marker-saturated genetic maps and genomic DNA sequence data tell us relatively little about the large-scale physical organization of the chromosomes (Schmidt and Heslop-Harrison 1998) . Probes for DNA repeats (e.g., ribosomal, microsatellite, telomeric, etc.) have become powerful tools for discerning chromosomal organization and have expanded our knowledge of evolutionary, genetic, and taxonomic relationships and have been used in practical applications such as agricultural forensics (individual identification) and cultivar tracking.
The nuclear genes encoding both 5S and 18S-28S ribosomal RNA (rRNA) consist of highly conserved repeat units arranged in one or more tandem arrays up to 10,000 bp long and variable nontranscribed spacer regions. In plants, the 5S rRNA genes are arrayed independently, while the 18S, 5.8S, and 26S rRNAs are produced together from a 45S rRNA precursor gene. In addition to multiple genes within an array, there may be multiple arrays ( loci) on the same or different chromosomes.
Localization of multiple repetitive sequences by fluorescence in situ hybridization ( FISH) provides a novel mechanism for viewing genomic organization and chromosome structure. These sequences can also act as landmarks for observing gene location, clustering, and orientation. Here we present results on the distribution, copy number, and location of both 18S-28S and 5S rDNA in species of wild perennial Glycine. The evolution of the agronomically important soybean, Glycine max ( L.) Merr., turns out to be much more complex than a simple comparison of chromosome numbers would suggest.
Materials and Methods
Plant Material and Metaphase Preparation
Seeds of wild Glycine species-G. canescens (PI 440936 and 446937), G. clandestina (PI 339656 and 440958) , G. soja (PI 81762), G. tabacina (PI 193232, 378704 and 440996) , and G. tomentella (PI 441005), kindly provided by Dr. Theodore Hymowitz, Department of Agronomy, University of Illinois, Urbana, and of G. max ( L.) Merr., cultivar Bedford (from the Alabama A&M Seed Laboratory)-were used as the sources for metaphase chromosome spreads. The terminal 1 cm of the roots was excised from individual seedlings, pretreated in 2.5 mM 8-hydroxyquinoline for 4 h at room temperature and fixed overnight in freshly prepared, room temperature, 3:1 (v/v) ethanol : glacial acetic acid. The root tips were treated with 0.1 N HCl for 5 min before incubation in a cell wall digestive enzyme cocktail of 5% R-10 cellulase and 1% pectolyase Y-23, for a duration of 5-20 min based on the length and thickness of the root tips, in a 37ЊC water bath. Metaphase spreads were prepared from the terminal 1 mm of the enzymetreated root tips as described by Jewell and Islam-Faridi (1994) .
Probe and Carrier DNA Probes for 5S rRNA were generated from pAM033 which contained a 470 bp BamHIdigested fragment of the 5S ribosomal RNA repeat of Acacia melanoxylon in pUC 118, provided by Dr. R. Appels, CSIRO, Australia. The plasmid pGMR3, containing a 4.5 kb EcoRI-digested fragment of the 18S-28S ribosomal RNA repeat of G. max in pBR325, provided by Dr. E. Zimmer, Smithsonian Institution, Washington, DC, was used for the 18S-28S rRNA site localization. Both the plasmids were isolated by the alkaline lysis plasmid maxiprep method as described by Silhavy et al. (1984) . Whole plasmid DNA was labeled with biotin-14-dATP ( BRL) using the Gibco BRL BioNick Labeling System or with digoxigenin-11-dUTP using the Boehringer Mannheim Nick Translation Kit. Commercially purchased E. coli DNA, sheared to an average fragment size of 200-500 bp, was used as the carrier DNA.
In situ Hybridization (Islam-Faridi and Mujeeb-Kazi 1995)
Slides were immersed in 30 g/ml RNase/ 2ϫ SSC for 45 min at 37ЊC, denatured in 70% formamide/2ϫ SSC for 70 s at 70ЊC and then dehydrated in 70, 95, and 100% ethanol for 2 min each at Ϫ20ЊC. Probe mix (deionized formamide, 50% dextran sulfate, 15 g/slide E. coli carrier DNA and 30 ng/slide labeled probe DNA in 2ϫ SSC) was denatured at 80ЊC for 10 min, chilled on ice, applied to the slide, covered with a 20 mm ϫ 40 mm coverslip, and sealed with rubber cement. Following overnight incubation at 37ЊC, the slides were rinsed at 40ЊC in 2ϫ SSC twice for 5 min each, 2ϫ SSC/50% formamide for 10 min, and 2ϫ Figure 1 . Fluorescence photomicrographs of metaphase chromosomes from various Glycine species hybridized with a digoxigenin-labeled 5S rDNA probe. Signals were detected using Cy3 and chromosomes were counterstained with 4,6-diamidino-2-phenylindole ( DAPI). Images were digitally captured in gray scale and the appropriate colors for the chromosomes and the signals were superimposed and contrast adjusted using the IPLab Spectrum P software. Paterson et al. 2000; Wendel 2000) . Such early instability could account for the presence of genome duplication (Shoemaker et al. 1996; Lee et al. 1999) , satellite chromosomes ( Huiyu and Ruiyang 1984) as well as diploidization (Grant et al. 2000; Hadley and Hymowitz 1973) within the genus.
Diploidization of both the rDNA loci could have occurred soon after the original polyploid event that resulted in the 2n ϭ 40 (4 FISH-detectable sites) Glycine ancestor, which was itself the result of a polyploidization of 2n ϭ 20 (2 FISH-detectable sites) species that then evolved into the present-day 2n ϭ 40 and 2n ϭ 80 Glycine spp. It can also be speculated, but less likely, that each Glycine member underwent deletion events independently after species radiation, indicating possible deletion hotspots in the chromosomes involved. The time frame of these diploidization events may be challenged if (1) more than one rDNA locus is found in the remaining (2n ϭ 40) Glycine spp. or (2) if (2n ϭ 20) members can be found ( Kumar and Hymowitz 1989) . If the report of a G. max (2n ϭ 20) (Pillai 1976 ) can be confirmed, the number of 5S and 18S-28S rDNA loci must be investigated.
The number of 5S rDNA loci in the (2n ϭ 80) Glycine members suggests an origin through polyploidy of two diploidized parents. However, the presence of major and minor 18S-28S rDNA loci complicate such a simple scenario. Confounding an explanation is the tremendous diversity found within both species, indicating possible multiple origins (G. tabacina) ( Doyle et al. 1999) or active radiation/speciation (G. tomentella) (Singh et al. 1998) . Multiple accessions within each species will have to be investigated to evaluate homologous relationships, if any, among their rDNA loci.
As FISH yields semiquantitative results, that a major and minor site are homologous or orthologous will depend on sequence information and the multiplicity of an array repeat unit within a locus. The 18S-28S rDNA minor sites that we have observed could either represent reduction of a major site through partial deletion, the addition of a smaller array from a larger rDNA array by unequal rearrangement, or partial array duplication.
Rapid evolution of multigene families is likely to produce readily detected polymorphisms between related species or among members of a species ( Danna et al. 1996) . Repeat units within a tandem array of a multigene family typically undergo concerted evolution ( Dover 1986) . Unequal crossing over can also change copy number of the array repeat unit as observed for the 5S rRNA genes in flax plants subjected to environmental stress (Schneeberger and Cullis 1991) . Patterns of evolution in plants have been uncovered through analysis of such polymorphisms in the rDNA in species of the Triticeae ( Kim et al. 1993; Mukai et al. 1991) , Arabidopsis (Maluszynska and Heslop-Harrison 1993a) , Gossypium (Crane et al. 1993) , and Brassica ( Delseny et al. 1990; Maluszynska and Heslop-Harrison 1993b) .
It is evident that the evolution of the subgenus Glycine is much more complex than represented by a simple diploid → tetraploid (via chromosome doubling) model. Additional FISH studies on other species within the subgenus Glycine are necessary to completely decipher the evolutionary history of this important genus. And lastly, the restrained multiplicity of rDNA loci and their easy detection by FISH facilitates their use as a powerful tool for studies on the evolutionary behavior of repetitive gene families in soybean and other species. 
